Abstract. Flap endonuclease 1 (FEN1), which is key in DNA replication and repair, has been demonstrated to be intimately involved in the development and progression of cancer. Our previous study determined that the downregulation of FEN1 can suppress the proliferation of, and induce apoptosis in, gastric cancer SGC-7901 cells. In addition, several FEN1 inhibitors have been identified to increase sensitisation to DNA injury agents. These results may provide a promising treatment method to enhance the traditional chemotherapeutics used for the treatment of gastric cancer. Thus, the aim of the present study was to determine the role of FEN1 in the chemosensitivity of SGC-7901 cells. The protein expression levels of FEN1 in cisplatin (CDDP)-treated SGC-7901 cells were detected using western blot analysis. FEN1 was silenced via specific FEN1-targeted small interfering RNAs (siRNA). The survival and apoptotic rates of the SGC-7901 cells were assessed using an MTT assay and flow cytometry, respectively. Relevant apoptotic factors were detected using western blotting. The results showed that the expression of FEN1 was significantly induced by CDDP in a dose-and time-dependent manner. The targeting of FEN1 in SGC-7901 cells, in combination with CDDP treatment, significantly inhibited their proliferation and effectively increased their apoptotic rate. In addition, in the cells targeted with FEN1-siRNA and exposed to CDDP, the levels of Bcl-2-associated X protein were significantly increased, whereas the expression levels of Bcl-2 and Bcl-extra large were effectively decreased, compared with the cells exposed to negative control-siRNA and CDDP. These results suggest a potential chemotherapeutic target, which exhibits enhanced sensitivity to CDDP following FEN1 silencing in SGC-7901 cells via decreased survival and increased apoptosis.
Introduction
Gastric cancer is one of the major causes of cancer-associated mortality (1) and is the second leading cause of cancer-associated mortality worldwide (2, 3) , with an overall five-year survival rate of only 20-25% (4). To date, although surgical resection remains the predominant curative treatment for gastric cancer (5) , chemotherapy remains an essential component of the comprehensive treatment of gastric cancer, particularly advanced gastric cancer.
Cisplatin (CDDP), which binds to DNA to generate DNA adducts (6) , is a widely used chemotherapeutic agent for the treatment of several types of solid tumour, including gastric cancer. However, its therapeutic efficacy is usually limited by significant toxicity and the resistance of gastric cancer cells to CDDP (7) (8) (9) . Although the mechanisms underlying the resistance to CDDP are multifactorial, accumulating evidence suggests an important association between drug resistance and DNA repair capability (10, 11) . As CDDP efficiency is determined by the balance between DNA damage, DNA synthesis inhibition and DNA repair capability (12) , there is a requirement for the identification of agents, which can sensitise gastric cancer cells to CDDP by inhibiting different proteins in the DNA repair pathways.
Flap endonuclease 1 (FEN1), a multifunctional and structure-specific nuclease (13) , is a key enzyme, which functions in DNA replication and repair to avoid genomic instability (14) . It is widely known for its involvement in the penultimate stages of Okazaki fragment maturation and long-patch-base excision repair (LP-BER) (14, 15) . However, FEN1 has been found to be overexpressed in several types of human cancer (16) (17) (18) (19) and cancer cell lines (20) (21) (22) (23) , indicating that it is a promising diagnostic biomarker in breast, ovarian and gastric cancer (23, 24) . Thus, abnormal expression of FEN1 may be associated with cancer development and disease progression (25) , leading to cancer susceptibility (26) . Of note, it has been reported that FEN1 is a useful target for chemotherapeutic development (24) . Nikolova et al confirmed that the downregulation of FEN1 in LN308 glioma cells improved their sensitivity to methylating agents, including CDDP, to suppress cell proliferation (19) . In additional, our previous study demonstrated that downregulation of the expression of FEN1 inhibits proliferation and reduces apoptosis (23) . These data suggest that FEN1 may also be an effective therapeutic target in cancer. The efficacy of the alkylating agents can be improved by inhibiting the DNA repair pathways (27) , as nucleotide excision repair, in which FEN1 is involved, is pivotal in DNA repair and is associated with resistance to platinum-based chemotherapy (11) . Thus, taking into account the fact that FEN1 is a DNA repair protein, the present study aimed to determine whether CDDP can regulate the expression of FEN1, and whether changes to the expression of FEN1 may provide a novel target for enhanced chemotherapeutic results in the treatment of gastric cancer.
To develop a novel chemotherapeutic combination, which increases the sensitivity of SGC-7901 cells to CDDP, the present study investigated the functional significance of FEN1 in CDDP-treated SGC-7901 cells.
Materials and methods
Human gastric cancer cells (SGC-7901) transfected with FEN1-small interfering (si)RNA (sense 5'-GGA CUU GUA GUC CUG CGA UTT-3' and antisense 5'-AUC GCA GGA CUA CAA GUC CTT-3') and negative control-siRNA (NC-siRNA) (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) were previously established. FEN1, Bcl-2-associated X protein (Bax), Bcl-2 and Bcl-extra larger (xl) antibodies were purchased from Epitomics (Burlingame, CA, USA). β-actin antibody was purchased from Boster Bioengineering Co. Ltd. (Wuhan, China). Cisplatin (diluted in RPMI 1640 medium to a final concentration of 1 mM) was purchased from Sigma-Aldrich (St. Louis, MO, USA) and then maintained at 4˚C in the dark.
Cell culture. The SGC-7901 human gastric cancer cells, obtained from the Molecular Medicine and Cancer Research Centre of Chongqing Medical University (Chonqing, China) were routinely cultured in RPMI-1640 medium (GE Healthcare Life Sciences, Logan, UT, USA) containing 10% foetal bovine serum (Invitrogen; Thermo Fisher Scientific, Inc.) and 1% penicillin-streptomycin (GE Healthcare Life Sciences) at 37˚C in a CO 2 incubator. The cells (3x10 5 per well) were seeded in six-well plates in growth medium, and were cultured overnight to allow adherence. On reaching 60-70% confluence, the cells were treated with 10, 20, 30, 40 and 50 µM CDDP (Sigma-Aldrich) for 24 h at 37˚C, and with 30 µM CDDP for 24 , 48 and 72 h at 37˚C. These cells were used to examine the expression levels of FEN1 induced by CDDP using western blotting.
Preparation and transfection of cells with siRNAs.
The cells, at a density of 3x10 5 cells per well, were cultured on six-well plates in growth medium, without antibiotics, overnight to allow adherence. On reaching 30-50% confluence, the cells were transfected using 5 µl Lipofectamine ® 2000 transfection reagent (Invitrogen; Thermo Fisher Scientific, Inc.) diluted in 250 µl RPMI-1640 medium, at room temperature. Briefly, 5 µl of the recombinant lentiviral vector for the FEN1 gene (FEN1-siRNA) and null vector (NC-siRNA), and the transfection reagent were diluted in 250 µl RPMI-1640 medium without foetal bovine serum. Following combining of the mixture of siRNA and Lipofectamine ® 2000 at room temperature for 20 min, the mixture was added to each well. Following incubation for 6 h, the transfection complexes were removed and replaced with culture medium. Following incubation with CDDP (30 µM) in culture medium, the cells were divided into two groups: siRNA-FEN1+CDDP group and NC-siRNA+CDDP group. These cells were used for further experiments.
MTT cell survival assays. The viabilities of the cells were measured using MTT cell survival assays. Briefly, the cells were seeded at a density of 5x10 3 cells per well on 96-well plates and cultured overnight. At 6 h post-transfection, the cells in the FEN1-siRNA+CDDP and NC-siRNA+CDDP groups were treated either with increasing concentrations of CDDP (0, 2.5, 5, 10, 20, 30, 40 and 50 µM) for 48 h, or with 10 µM CDDP for 24 , 48 and 72 h) to assess the viability of the SGC-7901 cells exposed to CDDP. Subsequently, 20 µl MTT (Sigma-Aldrich), which was diluted in phosphate-buffered saline (PBS) to obtain a concentration of 5 mg/ml, was added to each well, and the plates were maintained at 37˚C for 4 h. The supernatant was then removed, and 150 µl dimethyl sulfoxide (Sigma-Aldrich) was added to each well to terminate the reaction. The absorbance was then measured spectrophotometrically at 450 nm using an Elx800 microplate reader (Bio-Tek Instruments, Inc., Winooski, VT, USA). All the experiments were performed independently at least three times.
Detection of apoptotic cells using flow cytometry.
The number of apoptotic cells was analysed using flow cytometry with a fluorescein-isothiocyanate-labelled enhanced Annexin V/Propidium Iodide (PI) Apoptosis Detection kit (Invitrogen; Thermo Fisher Scientific, Inc.). According to the manufacturer's protocol, the adherent and suspended cells were harvested, centrifuged at 4,800 x g for 5 min, washed twice with PBS, and resuspended in 15 ml binding buffer in 0.1 M PBS (Invitrogen; Thermo Fisher Scientific, Inc.). The cells were then subjected to flow cytometry within 1 h. The apoptotic rates were quantified using Cell Quest software (version 3.3; BD Biosciences, San Jose, CA, USA). All the assays were performed three times independently.
Western blot analysis. Western blot analysis was used to verify the inhibitory effects of FEN1-siRNA and to analyse the expression levels of Bax, Bcl-2 and Bcl-xl. Briefly, following the different treatment procedures, the cells were lysed to extract the total protein using Radioimmunoprecipitation Assay Lysis Buffer (Beyotime Institute of Biotechnology, Haimen, China). The concentrations of the extracted proteins were quantified using a Bicinchoninic Acid Protein Assay kit (Beyotime Institute of Biotechnology). The samples were degenerated by boiling in a water bath at 100˚C for 5 min until fully denatured. The samples (40 µg protein per lane) and pre-stained molecular weight markers were separated by 10% SDS-PAGE and transferred electrophoretically onto polyvinylidene fluoride membranes in a minigel apparatus (Mini-PROTEAN II; Bio-Rad Laboratories, Inc., Hercules, CA, USA). The membranes were blocked using 5% skimmed-milk powder in Tris-buffered saline with Tween 20 (TBST; Beyotime Institute of Biotechnology), containing 10 mM Tris-HCl (pH 7.5), 150 mM NaCl and 0.1% Tween-20 for 1 h at room temperature. The membranes were washed with three times with TBST for 10 min. The membranes were then incubated with antibodies against rabbit monoclonal FEN1 (1:1,000; cat. no. ab133311; Epitomics; Abcam, Cambridge, MA, USA), rabbit monoclonal Bax (1:1,000; cat. no. ab32503; Epitomics; Abcam), rabbit monoclonal Bcl-2 (1:1,000; cat. no. ab32124; Epitomics; Abcam), rabbit monoclonal Bcl-xl (1:1,000; cat. no. ab32370; Epitomics; Abcam), and rabbit polyclonal β-actin (1:1,000; cat. no. BA2305; Boster Bioengineering Co., Ltd.) overnight at 4˚C. The following day, the membranes were washed three times with TBST for 30 min and incubated with horseradish peroxidase-conjugated goat anti-rabbit secondary antibodies (1:1,000; cat. no. BA1055; Boster Bioengineering Co., Ltd.) at room temperature for 2 h. The blots were then washed, incubated with Solution A and Solution B from the BeyoECL Plus western blotting detection reagent kit (cat. no. P0018; Beyotime Institute of Biotechnology) with a Solution A:Solution B ratio of 1:1 at room temperature for 10 min, and measured using a chemiluminescence western blotting detection system (Bio-Rad Laboratories, Inc.). All the experiments were performed three times.
Statistical analysis. The quantitative data are reported as the mean ± standard deviation. All data were analysed using a paired test using IBM SPSS 19.0 software (IBM SPSS, Armonk, NY, USA). All P-values were two-sided and P<0.05 was considered to indicate a statistically significant difference.
Results

Expression of FEN1 is upregulated in CDDP-treated SGC-7901 cells.
Our previous study confirmed that FEN1 is (Fig. 1) . These data revealed that the expression of FEN1 in SGC-7901 cells was also upregulated by exposure to the chemotherapeutic agent, CDDP. This may be explained by the fact the enhanced concentration of CDDP or extended treatment duration resulting in increased DNA damage; however, the increased expression level of FEN1 may have been in response to increased DNA damage.
Expression of FEN1 is markedly inhibited by siRNA in SGC-7901 gastric cancer cells. Several FEN1 inhibitors
have been reported to permit sensitisation to DNA injury agents (29, 30) . Our previous study confirmed that FEN1 is upregulated in SGC-7901 cells, and that the levels of FEN1 can be effectively inhibited by FEN1-siRNA (22) . Thus, to determine whether FEN1 is involved in sensitivity to CDDP, the present study knocked down FEN1 via the same specific siRNA in SGC-7901 cells and used western blot analysis to verify the inhibitory effects of FEN1-siRNA. As expected, a reduction in the expression of FEN1 was observed in the SGC-7901 cells transfected with FEN1-siRNA, compared with the cells transfected with NC-siRNA, as shown in Fig. 2 (P<0.05) . In the present study, ~ 63% silencing of FEN1 was obtained, relative to the SGC-7901 cells transfected with NC-siRNA. These observations confirmed the suppression of FEN1 protein via specific FEN1-targeted siRNA, indicating that these cells were suitable for use in further experiments.
FEN1 silencing decreases the survival rate of SGC-7901 cells following CDDP treatment.
As FEN1 was overexpressed in SGC-7901 cells and was further upregulated in response to CDDP treatment, the present study hypothesized that the targeting of FEN1 can sensitise SGC-7901 cells to CDDP. Thus, to further determine whether the enhanced sensitivity observed in the FEN1-knockdown SGC-7901 cells following CDDP treatment is reflected at the level of cell survival, the present study performed an MTT assay. As expected, a significantly lower survival rate was observed in the FEN1-siRNA group, compared with the NC-siRNA group following treatment with different concentrations of CDDP (0, 2.5, 5, 10, 20, 30, 40 and 50 µM), and following treatment for 24, 48 and 72 h (P<0.05; Fig. 3 ). These results confirmed that the silencing of FEN1 led to reduced survival of the SGC-7901 cells following CDDP treatment, which indicated that FEN1-siRNA transfection effectively increased the sensitivity of the cells to CDDP toxicity. the present study examined the anti-apoptotic family members, Bcl-2 and Bcl-xl, and the pro-apoptotic family member, Bax, via western blotting. As shown in Fig. 5 , the expression of Bax was elevated in the FEN1-siRNA+CDDP cells, compared with the NC-siRNA + CDDP cells (P<0.05). By contrast, the protein expression levels of anti-apoptotic Bcl-2 and Bcl-xl were significantly decreased in the FEN1-siRNA+CDDP SGC-7901 cells, compared with the NC-siRNA+CDDP cells (Fig. 5) . These relevant apoptotic factors further suggested that the downregulation of FEN1 may enhance apoptosis by increasing the sensitivity to CDDP, and this increase in sensitivity may be associated with the Bcl-2 family proteins, on which further relevant investigations are required.
Discussion
FEN1, which is involved in RNA primer removal and LP-BER (14, 15) , interacts with different proteins to execute its function in different pathways to maintain genomic stability (29, 31) , particularly in DNA replication, DNA repair, maintenance of telomere stability and apoptotic fragmentation of DNA (30) . Accumulating evidence has shown that certain FEN1 inhibitors can permit sensitisation to DNA injury agents (32, 33) , although the mechanism remains to be fully elucidated. CDDP, a well-known DNA-damaging agent, binds to DNA to generate DNA adducts (6) , which are repaired in cells primarily through the nucleotide excision repair (NER) pathway (34) . It is known that the resistance of cancer cells to CDDP remains a challenging problem, and limits its use in clinical treatment (35) . Therefore, a novel and promising concept is the enhancement of the sensitivity of cancer cells to improve the therapeutic efficacy of CDDP. In addition, further evidence also indicates that inhibiting the amino acid Asp181 of FEN1, which affects its endonuclease activity, in combination with treatment with temozolomide, a DNA-alkylating agent, may be an effective strategy (24) . Thus, the present study investigated whether alterations in the expression of FEN1 are associated with CDDP treatment.
The present study demonstrated that the FEN1 protein was markedly induced by CDDP in a concentration-and time-dependent manner in SGC-7901 cells, compared with the untreated control cells, indicating that increased expression of FEN1 may lead to the increased DNA repair capability of cells in response to DNA damage. In addition, a previous study reported increased expression of FEN1 in 5-FU-R cells, compared with HCT-116 cells (28) , which was in accordance with our findings. As increases in the levels of FEN1 can be induced by CDDP, the present study subsequently examined whether downregulation in the expression of FEN1 to decrease the level of DNA repair enhances the sensitivity to CDDP. Our previous study confirmed that the expression of FEN1 is upregulated in SGC-7901 cells. Thus, FEN1 was silenced in SGC-7901 cells via specific FEN1-targeted siRNA to assess the inhibitory effects of FEN1-siRNA, as shown in Fig. 2 . The results revealed that the siRNA-FEN1 cells treated with different concentrations of CDDP for different durations presented with markedly reduced survival rates, compared with the NC-siRNA group, determined using MTT cell survival assays. This finding is consistent with the fact that cells exhibiting deficient DNA repair are markedly more sensitive to CDDP, compared with cells proficient in repair (36) . These data suggested that FEN1 silencing may enhance the sensitivity of the cells to CDDP, which may provide a novel and promising strategy for enhancing the effects of chemotherapy. During the development of gastric cancer, cells are subjected to clonal proliferation and apoptosis, and elevated apoptosis provides a potential method for inhibiting tumour survival (37) . Our previous study confirmed that the knockdown of FEN1 can induce the apoptosis of SGC-7901 cells (23) . In the present study, whether the silencing of FEN1 promotes apoptosis following treatment with CDDP was determined. Notably, the results indicated that the reduced survival observed in the FEN1-siRNA+CDDP group was caused by an increase in the rate of apoptosis, as determined using flow cytometry. These results demonstrated that the knockdown of FEN1 significantly sensitised the SGC-7901 cells to CDDP-induced apoptosis. Taken together, these results indicate that the downregulation of FEN1 may be a novel target for increasing the sensitivity of SGC-7901 cells to CDDP to overcome resistance. A similar finding was obtained in glioblastoma cell lines depleted in FEN1, which showed increased damage sensitivity to CDDP (19) .
It is well known that the use of alkylating agents as chemotherapeutic drugs is based on their ability to trigger an apoptotic response (38) . In addition, Larsen et al confirmed that two domain-specific FEN1 proteins cause early onset lymphoma and extensive embryonic apoptosis (39) . Evidently, a decrease in FEN1 activity may cause abnormal cell proliferation, genomic instability and tumourigenesis. However, the pro-apoptotic mechanism of FEN1 remains to be fully elucidated. In the present study, to investigate the pro-apoptotic mechanism of FEN1, western blotting was performed to analyse the expression levels of anti-apoptotic Bcl-2 and Bcl-xl, and pro-apoptotic Bax. The pro-apoptotic gene, Bax, was overexpressed in the FEN1-siRNA+CDDP group, whereas the anti-apoptotic genes, Bcl-2 and Bcl-xl, were decreased, compared with the levels observed in the NC-siRNA+CDDP group. To the best of our knowledge, the present study provides the first demonstration that FEN1 is potentially involved in CDDP-induced apoptosis, although the detailed mechanism underlying the action and involvement of other components in the pro-apoptotic effect of FEN1 remain to be elucidated. The mechanism of FEN1 may involve the formation of a complex of FEN1 with other proteins to execute its function through different pathways, and further investigations to determine the possible apoptotic mechanisms involved in targeting FEN1 may provide further insights into this possibility.
In conclusion, the results of the present study revealed that the silencing of FEN1 in SGC-7901 cells enhanced their sensitivity to CDDP. These results indicated that FEN1 can be upregulated by CDDP, and that knockdown of the expression of FEN1 may offer a potential therapeutic approach for enhancing sensitivity to CDDP-based treatment, via decreased survival rate and increased apoptosis of cells. Increased apoptosis was further confirmed by relevant apoptotic factors. These findings not only increase current knowledge on the biology of FEN1, but also present a potential novel strategy for enhancing sensitivity to CDDP, via specific FEN1-targeted siRNA, to inhibit DNA repair.
